INTRODUCTION
Preparation of quality homogeneous feedstock is required for successful powder injection molding (PIM) process. Therefore, determination of suitable feedstock formulation and preparation becomes necessary to achieve quality part by PIM. This technique is found to be cost-effect manufacturing process for processing wide variety of engineering materials (Arifin et al. 2015; Ning et al. 2015; Raza et al. 2015; Zakaria et al. 2014) . Meanwhile, to evaluate quality of PIM feedstock, viscosity behavior and homogeneity are investigated (Jang et al. 2014 ). This study investigates formulation and processing of aluminum PIM feedstock using custom-made machine.
Aluminum and its alloys are used as superior materials in devices and advanced technological applications. The use of aluminum part/component in electronics devices, automotive, aerospace and defense fields (Kok 2005; Rahimian et al. 2009 ) is preferred over other engineering materials for its lightweight, high thermal and electrical conductivity (Tatar & Özdemir 2010) . Aluminum components also have excellent mechanical properties (Akhlaghi & Zare-Bidaki 2009) . In practical applications which demand for miniaturization and lightweight especially in hand-held devices such as laptops, cell phones and tablets are supported by aluminum microparts/ components. Low cost aluminum heat sink design is successfully developed using PIM technique (Johnson & Tan 2004) . However, processing of pure aluminum powder by PIM is rare at the moment; this may be due to challenges posed during sintering process. Although remarkable successes have been achieved by some researchers (Ahmad 2005; Liu et al. 2009 Liu et al. , 2008 for processing aluminum and its alloy by PIM. In addition, Abdoos et al. (2014) investigated rheological properties of aluminum based feedstock and injection molding trials, which produced defect-free flat dumbbell with Al-2wt%Sn-1wt%Mg as starting material.
Monitoring and process control of quality products during microinjection molding (μIM) is identified as a necessity. Therefore, researchers applied optimization techniques to μIM process conditions to achieve defectfree products. However, some defects encountered during μIM are non-homogenous feedstock, weld line, sink mark, voids from air trapped and incomplete cavity filling (short shot). Moreover, effects of processing parameters on molded parts quality are examined using optimization techniques, which makes it possible to account for the influence of control factors simultaneously on the target quality characteristic or response factor.
MATERIALS AND METHODS

MICRO-METAL POWDER-BINDER CONSTITUENTS AND FEEDSTOCK FORMULATION
Aluminum powder of 99.8% purity and spherical shaped particles is used for preparing the PIM feedstock. Paraffin wax based binder system is used focusing on investigating the best suitable backbone polymer for the aluminum PIM feedstock. Therefore, high density polyethylene (HDPE) and medium density polyethylene (MDPE) representing the backbone polymer in the two categories considered were used alternatively. The other components are paraffin wax (PW) and stearic acid (SA). Details of the aluminum feedstock composition is presented in Table 1 .
DESIGN OF EXPERIMENT AND FEEDSTOCK PREPARATION
This study investigates the effect of mixing process parameters on feedstock viscosity as a response factor, considering powder loading, rotor speed and mixing temperature as control factors. A design based on Taguchi method is adopted to investigate the effects of these mixing process parameters on the quality of feedstock. This method is chosen considering feedstock materials cost and time involved in many experimental trails for the determination of optimum powder loading. In addition, this technique has been found useful in optimization of process and product (Chua et al. 2013) . The specification of the mixing parameters and levels considered for investigation are presented in Table 2 . The design of experiment (DOE) is based on Taguchi L 9 ( 3 3 ) orthogonal array and presented in Table 3 . 
Preparation of feedstock began with the Retsch Planetary Ball Mill PM 100, followed by the use of custommade mixing mechanism to investigate the effect of the process parameter on the feedstock viscosity. The powderbinder mixing experimental setup is shown in Figure 1 .
The custom-made mixing mechanism presented in Figure 1 , illustrates a mixing chamber, heating element, flexible coupling and electric motor. The mixing chamber barrel diameter is 82 mm and 70 mm length fitted with 200 W concentric heating band. The rotor is developed with six blades attached to the 15 mm diameter shaft at 90 o angle of orientation, which fit into the mixing chamber. The system is powered by an electric motor with a precision control box for regulating the barrel temperature and the rotor speed within the range of 30-1350 rpm. The mixer is used for preparation of aluminum based PIM feedstock samples.
The powder-binder constituents are fed into the mixing chamber, then the mixing parameters were set via the control box.
Typically, a minimum feedstock viscosity is required for PIM. Therefore, the analysis of Taguchi signal-to-noise ratio (S/N) is based on smallest-is-better and expressed as:
, (1) where n represent number of repetition for given trial; and y i is a measure of feedstock viscosity for particular sample at a given trail which represents the evaluation of the quality characteristic considered at the "i-th" repetition as denoted by the subscript "i.". Evaluation of S/N and analysis of variance (ANOVA) of the mixing parameters considered on aluminum PIM feedstock viscosity was implemented by Minitab ® 16 statistical software. In addition, response surface methodology (RSM) is often used to establish the relationship between the dependent and independent variable. RSM is a combination of DOE, regression analysis and statistical inferences. In general, the response factor and the measurable/ control factors are related as: ,
where y(x) represents unknown response function and the measurement random error is ε. If the expected response is denoted by (E[y] = γ), then surface represented by f (x 1 + x 2 + … + x n-1 + x n ) = γ is known as response surface. Meanwhile, it is sometimes less complicated to view the response surface in two-dimensional representation referred to as contour plot. The general first-order regression model is expressed as:
,
where β 0 is constant; β j and is coefficient of the variable x i,j which denotes the i-th observation of the variable x j . Therefore, the viscosity model in terms of the mixing parameters considered earlier is represented as:
RESULTS AND DISCUSSION
EFFECTS OF MIXING PARAMETERS ON THE FEEDSTOCK VISCOSITY USING HDPE BINDER SYSTEM
The aluminum PIM feedstock viscosity measurement and computed S/N of the Taguchi L 9 (3 3 ) orthogonal array with three replications for each trail is presented in Table 4 for HDPE based binder system.
The effect of mixing process parameters considered on feedstock viscosity for HDPE based binder system is presented in Figure 2 .
The main effect plot of the S/N ratios shows that optimal mixing parameter for processing aluminum PIM feedstock based on HDPE binder system are 58 vol. % FIGURE 1. Custom-made mixing mechanism for processing PIM feedstock powder loading (level 1), 100 o C mixing temperature (level 1) and 43 rpm rotor speed (level 2). This is an indication that mixing of aluminum PIM feedstock based on HDPE binder system using the mini-lab mixer developed will produce the required viscosity at the optimal operating rotor speed of 43 rpm at powder loading of 58 vol. %.
ANOVA of the S/N ratios of the aluminum PIM feedstock viscosity based on HDPE binder system is presented in Table 5 . The analysis shows the effect of input factors on viscosity. It is observed that powder loading has the most significant effect (89.25%) followed by mixing temperature (9.22%), the rotor speed has the least of 0.64% only.
The empirical regression model of the aluminum PIM feedstock viscosity based on HDPE binder system is determined and expressed as:
The coefficient of determination denoted by R 2 for the PIM viscosity model is evaluated, R 2 = 81.05% and R 2 (adj.) = 69.69% which illustrates a good fit. The contour plot of the feedstock viscosity based on HDPE based binder system vs powder loading and rotor speed is presented in Figure  3 . The graph illustrates an increase in powder loading is directly proportional to the feedstock viscosity at a given operating condition.
Prediction of mean S/N and feedstock viscosity at optimal level are -20.7275 dB and 9.0493 Pa.s. The correlation of the empirical model and the experimental ANOVA of the S/N ratios of the PIM feedstock viscosity based on MDPE binder system is presented in Table 7 . The analysis shows that the contribution of each process parameter with 94.46% powder loading, 4.83% mixing temperature and 0.27% rotor speed. Therefore, rotor speed is less significant at the specified 95% confidence level considered.
FIGURE 3. Contour plot of aluminum PIM feedstock viscosity based on HDPE binder system measured aluminum PIM feedstock viscosity for HDPE binder system is presented in Figure 4 . The graph illustrates the accuracy of the predicted model developed compared to the experimentally observed viscosity. Table 6 presents the viscosity measurement and computed S/N of Taguchi L 9 (3 3 ) orthogonal array with three replications for each trail of MDPE based binder system.
EFFECTS OF MIXING PARAMETERS ON THE FEEDSTOCK VISCOSITY USING MDPE BINDER SYSTEM
Similarly, the effect of mixing process parameters considered on feedstock viscosity for MDPE based binder system is presented in Figure 5 . The main effect plot of the S/N ratios shows that optimal mixing parameter for processing aluminum PIM feedstock based on MDPE binder system are 58 vol. % powder loading (level 1), 80 o C mixing temperature (level 1) and 43 rpm rotor speed (level 2). The S/N ratios plot of the effects indicates that mixing of aluminum PIM feedstock using mini-lab mixer developed will produce the required viscosity at the optimal operating rotor speed of 43 rpm at powder loading of 58 vol. %. The empirical multiple regression model for aluminum PIM feedstock viscosity based on MDPE binder system is developed and expressed as: (6) The R 2 = 96.34% and R 2 (adj.) = 94.15% for aluminum PIM viscosity model using MDPE binder system illustrates a good fit. This is supported by the fact that a good fitted regression model has R 2 value between 0.7 and 1.0 (Montgomery & Runger 2014; Myers et al. 2016 ). The contour plot of the aluminum PIM feedstock viscosity based on MDPE based binder system vs powder loading and rotor speed is presented in Figure 6 .
Prediction of mean S/N and feedstock viscosity at optimal level are -21.6881 dB and 10.8622 Pa.s. The correlation of the empirical model and the experimental measured PIM feedstock viscosity for MDPE binder system is presented in Figure 7 . The graph shows the data trend and accuracy of the developed model to the experimental values of the aluminum PIM viscosity. As the R 2 is high both the predicted and experimental values are close and accuracy is higher. 
CONCLUSION
Optimum operating conditions of mixing aluminum powder and paraffin wax binder system based on HDPE and MDPE backbone polymer were investigated using a custommade mixing mechanism developed for preparation of PIM feedstock. Therefore, the conclusions of the investigation are summarized as follow: Optimal rotor speed of 43 rpm and powder loading of 58 vol. % were determined for both HDPE and MDPE binder system of aluminum PIM feedstock.
The feedstock prepared show pseudoplastic flow behavior but the use of HDPE binder system is more suitable than MDPE in terms of various sample behavior during processing.
Aluminum PIM feedstock viscosity strongly depends on material properties with a contribution from powder loading by 89.25% using HDPE and 94.46% for MDPE binder system.
Good fit empirical models for aluminum PIM feedstock viscosity prediction have been developed with R 2 of 0.84 using HDPE and R 2 of 0.96 for MDPE binder system.
